• Understorey plant species diversity significantly increases with the age of a Scots pine stand.
Introduction
The increase in the forest cover and the reduction in the agricultural land area have been a common feature of land use changes in Central and Eastern Europe since the beginning of the 19th century (Wulf 2004; Taff et al. 2010; Prishchepov et al. 2012 ). Every year, another patches of agricultural lands, abandoned or unsuitable for cultivation, have been afforested, mainly by the Scots pine Pinus sylvestris L. Consequently, thousands of hectares of contemporary woodlands comprises of the mosaic of Scots pine monocultures at different ages (Zerbe 2002; Hermy and Verheyen 2007; EEA 2008) . In Poland, post-agricultural forests dominated by P. sylvestris cover 1.47 million hectares and most of them are used for timber harvest (CSO 2012) . Besides the high economic value, planted forests play an important role in enhancing the biodiversity and in carbon (C) sequestration, both at a regional and global scale (Cannel et al. 1992; Guo and Gifford 2002; EU ETS 2003; Stoate et al. 2009; Nagendra and Southworth 2010; Bernier et al. 2011; De Frenne et al. 2011; Pan et al. 2011; Coote et al. 2012 ). The tree stand structure and species composition of secondary forests is determined by forest management. Many silvicultural methods, including stand thinning and mixing of tree species, are used to modify a plantation in order to create conditions favouring the growth of commercial woody species (Mäkinen and Isomäki 2004; Ericksson 2006; Kelty 2006; Jacob et al. 2010; Morin et al. 2011; Nowak et al. 2011; Paquette and Messier 2011; Seidel et al. 2013) . Every modification of forest canopy changes the microclimate within a forest and affects the soil properties (Messier et al. 1998; Augusto et al. 2002; Jandl et al. 2007; Jonczak and Parzych 2012) , which in turn, strongly influence the ground vegetation (Kolström 1999; Dzwonko 2001; Graae et al. 2004; Bruelheide and Undelhoven 2005) . In the case of post-agricultural forests, the community structure and composition have been also affected for many years by the site history (Hermy and Stieperaere 1981; Hermy et al. 1993; Flinn and Vellend 2005; Góras and Orczewska 2007; Hermy and Verheyen 2007; Matuszkiewicz et al. 2013; Ouyang et al. 2013) . The moss, understorey vascular plant and shrub layers of secondary forests consist of both species which are resistant to an agricultural land use and species characteristic of forest communities (Dzwonko and Gawroński 1994; Dzwonko and Loster 1997; Majchrowska and Woziwoda 2009) .
The species composition of plantations is important in terms of controlling the level of offsetting greenhouse gas emissions (Thornley and Cannell 2000; Nabuurs et al. 2008; Malmsheimer et al. 2011) . High stock of carbon is sequestered in tree stand biomass (Körner 2003; FAO 2011; Thomas and Martin 2012; Wilson et al. 2013 ) and in the forest floor (including the soil and litter) Masera et al. 2003; Berg and McClaugherty 2008) . It is noteworthy that the coniferous stands have higher stocks of carbon than hardwood stands (Raulund-Rasmussen and Vejre 1995; Gärdenäs 1998) . Hansson et al. (2011) and Vesterdal et al. (2013) reported that also the forest floor C stock is higher for coniferous (Pinus) than for broadleaved (Betula and Populus species) forests growing in temperate regions. Thus, post-agricultural plantations of Scots pine contribute to climate change mitigation by C sequestration. The forest ground vegetation, however, also participate in C storage (Moore et al. 2007; Parzych 2010; Jagodziński et al. 2013) . Usually the contribution of understorey plant biomass, expressed as a percentage of the total aboveground biomass of the forest community, is at the 2% level (Yarie 1980; Muller 2003; Gilliam 2007) . The total annual production of the understorey may reach 20% of the total aboveground biomass if we consider the seasonal changes in the ground vegetation composition, particularly in deciduous forests (Kaźmierczakowa 1971; Kubiček and Jurko 1975; Tremblay and Larocque 2001; Jagodziński et al. 2013) . The seasonal differences in the understorey cover and the species composition are much less pronounced in coniferous forests where mosses and perennial vascular plants (some of them even evergreen) dominate (Matuszkiewicz 2001) . This relatively persistent ground vegetation produces a high amount of recalcitrant biomass and litter (Mälkönen 1974; Tuterski 2003) . Due to the fact that carbon is sequestered in tissues of mosses and perennial vascular plants, these longlived forest components contribute (together with trees) to climate change mitigation (Nabuurs et al. 2007 ).
The amount of biomass and the C stock differs between species, both in the case of trees and shrubs (Elias and Potvin 2003; Lamlom and Savidge 2003; Jagodziński et al. 2012) , as well as herbs and mosses (Tutersky 2003; Parzych 2010) . This variability should be considered in modelling of carbon storage in forest ecosystems. The ongoing temporal changes in the forest community structure and composition must also be accounted for (Baeten et al. 2010) .
The aim of our study was to examine: i) how the stand age of the first generation of a postagricultural Scots pine forest affects the understorey species composition; ii) what is the role of understorey vascular and moss species in the biomass accumulation in the successive stand-age series; and, iii) how much organic Carbon and total Nitrogen is sequestered in the biomass of dominant species.
Material and methods

Study area
The study was conducted in Central Poland (N: 51°51′-51°55′, E: 18°57′-19°09′; the area is managed by the Regional Directorate of the State Forests in Lodz), in Scots pine forests planted on lands which have been gradually excluded from agricultural use. The study area encompasses 1070 ha of woodlands and the studied post-agricultural forests constitute 17.4% of the total woodland area. The study sites are characterized by acid (pH = 4-5), well-drained but moist soils, mineral, with sandy-loams bedrock lying on sands (data obtained from the Information System of the Polish State Forests, SILP 2011). Such a habitat is suitable for the fresh pine forest type of the European temperate region and is naturally covered with the forest vegetation community of LeucobryoPinetum (W.Mat. 1962) W.Mat. & J. Mat. 1973 (Matuszkiewicz 2001 . The Scots pine is a natural dominant component of the fresh pine forest community, so these tree monocultures at the sites described above are consistent with the type of potential forest vegetation. The studied secondary forests cover 91% of Leucobryo-Pinetum sites.
Characteristics of the studied Scots pine plantations and description of management practices
The oldest plantations with mature stands at the age of over 80 years cover 27 ha of post-agricultural lands and they are distributed in ten forest patches from 0.3 ha to 5.5 ha in area, 2.7 ha on average (SILP data). Plantations with pre-mature stands at the age of 61-80 years were established in 13 forest fragments in the area of 2.5 ha on average (from 0.1 to 6.8 ha) and they cover 33 ha in total. The youngest studied plantations at the age between 41 and 60 years are distributed in 51 forests patches of 1.7 ha on average (from 0.1 to 6.4 ha) and they cover in total 89 ha of post-agricultural lands. Tree stand characteristics of the studied post-agricultural forests are described in Table 1 . The management practises of post-agricultural Scots pine forests (State Forests) following the thinning pattern have not changed considerably since the introduction of planned forest management in the interwar period (Forest Research Institute 1998; Bernadzki et al. 1999) , so the management practises were possibly similar in all studied plantations. A total of 5-7(9) thousand of 1-2-yearold Scots pine seedlings per one hectare are planted on the poorest post-agricultural soils (Skolud 2006; The State Forests... 2012) . The recommended spacing for P. sylvestris is 1.5 x 0.7-0.5 m. The contribution of Scots pine in the species composition amounts to 80-90%. The remaining 20(10)% is represented by silver birch Betula pendula L. which is planted in groups, each composed of several seedlings, or it is used to afforest the edges of Scots pine stands. The dense young stands are pre-commercially thinned ("cleaned") twice: the early pre-commercial thinning is performed in 3-10-year-old cultivations, and the late pre-commercial thinning − in 11-20-year-old stands (the thicket phase). Pre-commercial thinning involves mainly negative selection, which consists in removing undesirable trees without canopy interruption (The State Forests... 2012). The weakest and undesirable trees are cut down and the biomass is left to decompose naturally or removed. Stands older than 20 years are commercially thinned with positive selection applied -trees of high quality (the tallest ones, with a straight stem and high increment) and relatively evenly spaced in a stand, are selected and promoted (The State Forests... 2012). The early commercial thinning is performed in intensively growing 21-40-year-old stands (the small pool phase) to favour the stem diameter growth. The number of Scots pine trees is reduced up to 1-3 thousand per hectare. The late commercial thinning starts with the age of 40 years. In the studied forests, the number of stems in 41-60-year-old stands amounted to around 2 thousand trees per hectare (Table 1) . In this age series, the number of stems was reduced to around 1 thousand trees per hectare. Further 200 trees (on average) were harvested per hectare in 61-80-year-old stands. As a result, the mean number of trees in stands at the age of over 80 years amounted to about 800 per hectare. The first generation of Scots pine trees planted on post-agricultural soils are cleared when a stand reaches the age of 100 years (SILP data). However, once a post-agricultural land is afforested, it remains in forestry use and the next generation of trees is obligatorily planted in a clear-cutting area during next 3 years (The State Forests... 2012). 
Data collection
Community structure and composition
Field sampling of forest vegetation was conducted using phytosociological relevés (= sample plots) located in homogenous patches of vegetation in the area of Scots pine plantations, within three age-series of stands: 41-60, 61-80 and over 80-year-old (younger stands were not included in the study due to the lack of such Scots pine plantations established at a fresh pine forest site in the last 40 years). The research plots were located in 21 Scots pine stands (seven in each age series), each larger than 1.5 ha. Altogether, 75 sample plots (25 within each age series) located within homogenous patches of vegetation, at least 50 m from the plantation edge, were established in August 2012. The size of a sample plot was 100 m 2 (10 x 10 m). In each plot, the percentage cover of species in the upper (a1) and lower (a2) tree stand layers, and in the shrub (b), understorey vascular plant (c) and moss (d) layers was visually estimated. The cover of each vascular plant species (trees, shrubs and herbs) and mosses was estimated using a six-degree cover-abundance scale (from "+": a few specimens covering less than 1%; to "5": plant species covering more than 75% of the plot area; according to Braun-Blanquet 1964) , which allowed us to estimate both the number of species and the proportion of the area covered by species. The species nomenclature followed Mirek et al. (2002) for vascular plants and Ochyra et al. (2003) for mosses.
Biomass
Samples of plants for analysis of biomass of understorey vascular plants and mosses were also collected in August 2012. Sampling in late summer aimed at estimating the maximum biomass accumulation of all species during the growing season, characteristic of temperate coniferous forest (vascular plants -grasses and semi-shrubs with seasonal leaves -had the largest dimensions at that time). The study was conducted in 75 subplots (25 in each age series) selected randomly (five subplots in each five plots) within Scots pine monocultures, 25 × 25 cm (= 1/16 m 2 ) in size. The list of vascular and bryophyte species was compiled in every plot, including tree seedlings and saplings (with a height below 90 cm). Furthermore, the percentage cover (within an accuracy of 10%, and the value of 5% for the rarest species) of all species was estimated in each plot. All plants, including woody species of a height up to 0.9 m, which grew within a plot were collected manually by cutting them flush with the ground surface using scissors, and sorted (before drying) by species. Plant samples were dried at +65 o C for 48 hours to the constant weight and weighed to the nearest 0.01 g.
The amount of organic C and total N
Samples of vascular plants and mosses, the dry mass of which was above 1.5 g were crushed in a grinder for chemical analysis. Due to the fact that the collection of plant material composed of different species with different abundance in plots located in different age series, the number of vascular plant and moss samples (by species) ranged from 7 to 45. Finally, the amount of organic carbon (C) and total nitrogen (N) was analysed for six species which were dominant in the studied forest communities, including three moss species: Pleurozium schreberi (Willd. 
Data analysis
Detrended correspondence analysis (DCA) was performed using CANOCO version 4.5 software (ter Braak and Šmilauer 2002) to describe general patterns in the variation of species composition within phytosociological relevés, divided on the basis of age-series of Scots pine stands. Before the DCA analysis, original species cover values were transformed into percentage cover values (+ = 1.0; 1 = 5.0; 2 = 17.5; 3 = 37.5; 4 = 62.5; 5 = 87.5; according to Braun-Blanquet 1964) . The biomass of 6 dominant species was calculated for each phytosociological relevés (100 m 2 in area). A linear regression model was used to assess the relationship between the percentage cover of herbs and mosses and their biomass in subplots for each species. Next, the coefficient of determination (r 2 ) for species was used to calculate the biomass for phytosociological relevés from the percentage of species cover. For this calculation, the "a" parameter from the linear regression equation (y = ax) was used. The biomass of herbs and mosses was expressed in kg per hectare [kg ha -1 ].
Statistical differences in the percentage cover for each forest layer, moss biomass, and understorey vascular plant biomass, and the mass of organic carbon and total nitrogen sequestered in dry mass of species were assessed with One-Way ANOVA (analysis of variance) with the significance level set at 0.05. The normality was checked with the Kolmogorov-Smirnov test, and homogeneity of variance with Levene's test. Due to the lack of normal distribution of percentage cover values, the Box-Cox transformation was used. The Tukey post-hoc test was used following one-way ANOVA for multiple comparisons of individual groups. The above comparisons were carried out using STATISTICA software (version 10.0, StatSoft Inc., Tulsa).
Results
Community structure and species composition
The post-agricultural Scots pine forests established at different times (40, 60 and over 80 years ago) varied considerably in the community structure and species composition ( Fig. 1; Fig. 2) .
The 41-60-year-old forests were characterized by the highest percentage values of the canopy cover, which amounted to 70-80%. The forest canopy cover was intentionally decreased by tree stand thinning. In the 61-80-year-old forests, it was decreased to 50-70%. In the next stand development stage (over 80 years), the canopy cover was left at the 50-70% level (Table 2) . However, the mean percentage cover of dominant P. sylvestris decreased gradually with the tree stand age, and the canopy of older forest series was built also of broadleaved B. pendula crowns (Table 3 ). The mean percentage cover of the shrub layer built mainly of B. pendula and Quercus robur L. increased several times in the successive stand-age series. The highest increase in the mean percentage cover was noted for the understorey vascular plant layer ( Table 2) .
The total number of species noted in the studied secondary forests was 38; 19 species were found in the youngest stands, 30 species in the 61-80-year-old stands and 32 species in the oldest one. The mean total number of species increased with the age of a stand and it amounted to 5.6 for research plots located in 41-60-year-old forests, 13.1 in 61-80-year-old forests and 17.1 for plots with the stand age of over 80 years. Significant increases in the mean number of species were noted only for the shrub layer and the understorey vascular plant layer ( Table 2) .
The well-developed understorey vascular plant and/or moss layers, however, were dominated by two or three species, while most of the species reached very low mean percentage cover (< 1) despite their high frequency (Table 3) .
The moss layer of 41-60-year-old forests was dominated by S. oedipodium and by P. schreberi. The latter had the highest mean cover in the moss layer in forests of all three age series (Table 3 ). The understorey of the 61-80-year-old community was built mainly of D. polysetum − co-dominant in the moss layer, and V. vitis-idaea, V. myrtillus and C. vulgaris − dominant in the vascular plant layer. The above-mentioned ericaceous species occurred with the high frequency also in the oldest stands, however, V. myrtillus dominated over other species, while the cover of V. vitis-idaea decreased. The species associated with mixed coniferous/deciduous forests were more frequently encountered; also Melampyrum pratense L. and Pteridium aquilinum (L.) Kuhn reached high cover (Table 3) .
Aboveground biomass of the understorey vascular plant and moss layers
The mean understorey biomass increased with the age of a stand and it was 1.5 times higher in 61-80-year-old forests and almost two times higher in the > 80-year-old forests as compared to the youngest ones; it amounted to 3048 kg ha -1 , 4610 kg ha -1 and 5781 kg ha -1 , respectively. The successive stand-age-series were characterized by significant differences in the biomass of understorey vascular plants and mosses (Fig. 3ab) .
The dry mass of understorey vascular plants was very low in the youngest Scots pine forests − on average 2 kg ha -1 , which constituted only 0.1% of the total understorey biomass, while 99.9% of the total understorey biomass (3046 kg ha -1 ) was accumulated in mosses. The mean understorey vascular plant biomass value was significantly higher in older stands: almost 1924 kg ha -1 in the 61-80-year-old forests and 3508 kg ha -1 in the oldest ones (Fig. 3b) . Variation in moss biomass values was smaller; the biomass value was lower by a quarter in the oldest Scots pine forests compared to the youngest ones (Fig. 3a) and, the mean value of moss biomass was significantly different in 41-60-year-old and over 80-year-old forests. Only a few understorey vascular plant and moss species (Table 4) reached high biomass values. The biomass of six dominant plant species varied in three age-series, and the differences were statistically significant (Table 4) .
P. schreberi reached the highest biomass value in the youngest plantations, while that of D. polysetum was the highest in 61-80-year-old Scots pine stands. The biomass of S. oedipodium reached the highest value in the 41-60-year-old stands; it decreased significantly in the 61-80-yearold stands, and, in the oldest Scots pine forests the species was absent.
The highest biomass of V. vitis-idaea and C. vulgaris was in the 61-80-year-old forests. V. myrtillus reached the highest biomass in the oldest age-series of Scots pine forest and it was several times higher than the total biomass of any of those other understorey vascular plant species.
Sequestration of organic C and total N in dominant understorey species
The mean total concentration of organic C in dry mass of the six studied understorey components amounted to 46.96%. However, the proportion of C accumulated in those six species varied sig- Significantly the highest mass of organic C and total N was sequestered in the biomass of V. myrtillus occurring in the oldest stand age series of the Scots pine plantations (Table 5 ).
In the youngest Scots pine stands, the mass of C concentrated in mosses was many times higher than in the understorey vascular plants. It was also nearly 3 times higher than in 61-80-yearold stands. In the oldest forests, however, organic C was accumulated more in the understorey vascular plants than in mosses (Table 5 ). The total mass of C sequestered in the biomass of six understorey plant species increased with the age of Scots pine stands, and the observed differences between the stand age-series were statistically significant. Almost 800 kg ha -1 of C was concentrated in the biomass of six studied understorey species of 41-60-year-old Scots pine forests. However, this value was 2.4 times lower than the value recorded in the 61-80-year-old forests and 3.4 times lower than the value recorded in the oldest forests.
The mass of total N was much lower in all age-series compared to the mass of total C, but it was also positively correlated with the age of planted stands and the differences were statistically significant (Table 5 ). The C/N ratio calculated as a proportion of the total C mass and the total N mass accumulated in six understorey components increased from 39.5 in the 41-60-year-old forests, through 46.6 in the 61-80-year-old forests to 48.6 in the oldest ones. 
Transformation of post-agricultural Scots pine forests into natural-like community
The successive development of forest vegetation in woodlands artificially planted on a former agricultural land is a long-lasting and dynamic process (Dzwonko 2001; Zerbe 2002; Góras and Orczewska 2009 ). The results of our study showed that the species composition considerably varies in the post-agricultural Scots pine forests of different ages. The understorey vegetation (not studied in this paper) of initial and early stages of Scots pine stands growing on sandy acid soils is usually poorly developed and/or it is dominated by mosses and lichens (Olaczek 1972; Woziwoda and Ambrożkiewicz 2011; Stefańska-Krzaczek 2011a) . The high proportion of non-forest species is also evident (Tolunay 2009; Woziwoda and Ambrożkiewicz 2011) . The dominance of grasses lasting for years after planting the trees, reported by Uotila et al. (2005) and Matuszkiewicz et al. (2013) , is characteristic of sites with more humid and more fertile soils than in this study. The growth of grasses in Scots pine plantations is likely prevented by strong closure of the canopy of trees in initial stages of stand development (Bernadzki et al. 1999) , which effectively excludes also non-forest species (Olaczek 1972) . The gradual pre-commercial and commercial thinning favours the development of the moss ground cover (Bernadzki et al. 1999) . Species which are characteristic of forest ecosystems occur successively along with the ageing of woodlands (Góras and Orczewska 2009; Matuszkiewicz et al. 2013 ). The understorey plant species composition differs significantly in the studied 41-60, 61-80 and over 80-year-old forests. Generally, the older the Scots pine trees, the higher was the plant species richness and diversity. The differences in the ground vegetation are correlated with the differences in the overstory structure and composition which are strongly affected by the forest management, mainly by the thinning treatments. The spreading, establishment and survival of mosses and acidophilic ericaceous species in the studied Scots pine forests probably resulted from the acid litterfall of P. sylvestris (Dzwonko 2001; Astel et al. 2009 ). However, the dominance of these plants in forests planted on abandoned agricultural lands can also be explained by the post-agricultural soil condition (Alriksson and Olsson 1995; Dupouey et al. 2002; Wall and Hytönen 2005; Falkengren-Grerup et al. 2006; Flin and Marks 2007; Baeten et al. 2011) . For example, ploughing of cultivated crop lands in pre-afforestation times causes the homogenization of soils (Fraterrigo et al. 2005; Flinn and Marks 2007) , which destroys the microsites and consequently, reduces the possibility of acid-sensitive flora establishment, particularly in the early stages of forest community development (Flin 2011). The temporary dominance of light demanding V. vitis-idaea and C. vulgaris in the 61-80-yearold forests (Table 3 and 4) was the ecosystem's response to the increased understorey insolation after the pre-commercial stand thinning conducted previously in 41-60-year-old stands. These plants could survive in open micro-habitats preserved in the oldest forests, or their occurrence may be also connected with forest management disturbances, e.g. to selective logging (Wulf 2004; Maciejewski and Zubel 2010) .
The highest species richness was observed in the forest with the oldest P. sylvestris stands. The post-agricultural forest community with trees at the age of over 80 years became similar to natural fresh pine forests described on the basis of contemporary studies conducted in Poland by Matuszkiewicz (2007) , where understorey vascular vegetation consisted of acid-tolerant species and was dominated by V. myrtillus, V. vitis-idaea, C. vulgaris, Festuca ovina L. and Deschampsia flexuosa (L.) Trin. The moss layer covers 80-100% of the ground and is composed of the same species as those found in the studied forests (Matuszkiewicz 2001) .
Many authors report that long after the restoration of the tree layer in secondary forests, the abundance of understorey vascular plants and mosses significantly differs from that observed in ancient forests (i.e. forests growing in areas where the land use has probably never been changed) (review in: Verheyen et al. 2003 and e.g. Góras and Orczewska 2007; Orczewska and Fernes 2011) . At present, however, the process of convergence of planted Scots pine forests to natural-like forests is accelerated by a decrease in the floristic specificity in the Leucobryo-Pinetum community. This is reflected in the decline of species characteristic of fresh pine forests and in the increase of species characteristic of mixed coniferous-deciduous forests, e.g. Maianthemum bifolium (L.) F.W. Schmidt, Oxalis acetosella L., Trientalis europaea L., Solidago virgaurea L., Fragaria vesca L. and Veronica officinalis L. (Matuszkiewicz 2007) . Changes in the composition of "ancient-like" coniferous forests are due to the site eutrophication and an increase in the proportion of deciduous woody species (Matuszkiewicz 2007; Matuszkiewicz et al. 2013) . The post-agricultural coniferous plantations are easily colonized by broadleaved plants (Wulf and Heinken 2008) . Their admixture favours an increase in the understorey vascular species diversity (Kaźmierczakowa 1971; Kubiček and Jurko 1975; Barbier et al. 2008; Jagodziński et al. 2013 ) and accelerates the development of ground vegetation. The increasing moss and understorey vascular species richness and understorey vascular plant biomass correlated with the growing contribution of broadleaved trees, which was also observed in our study in the two older age-series of the Scots pine plantation (Table 2 , Fig. 3b ). The establishment of more heterogeneous and species-rich flora was favoured by the increasing diversity of micro-sites under the coniferous-deciduous canopy (Hill 1992) . The increase in the forest soil fertility, usually observed under deciduous trees (Paré and Bergeron 1996; Gilliam 2007; Gilliam and Roberts 2003) , caused a significant increase in the understorey vascular plant biomass.
At present, the intentional mixing of coniferous and deciduous stands or deciduous subcanopy development is promoted in timber Scots pine forests to enhance the forest biodiversity and productivity (Simmons and Buckley 1992; Felton et al. 2012; Seidel et al. 2013) . However, Matuszkiewicz (2007) reported that an increase in the deciduous species admixture in coniferous forests is the main cause of oligotrophic and acidophilic species disappearance. Moreover, according to the critical review of studies on the effects of tree species mixture in the understorey vegetation, the maximum understorey diversity is in many cases observed not in the mixed coniferous-deciduous stands, but in the pure coniferous or pure deciduous stands with sparse canopies (Barbier et al. 2008) . In the studied forests, the progressive subcanopy development probably caused the gradual retreat of S. oedipodium, V. vitis-idaea and C. vulgaris, expressed as a decrease in the frequency, cover and biomass in the oldest age series (Table 2 and 3) . Simultaneously, these light demanding species were replaced and dominated by V. myrtillus -a more shade-tolerant species. The multifold increase in the cover and biomass of the common bilberry in mature stands is also caused by high competiveness of this plant (Góras and Orczewska 2007; Matuszkiewicz et al. 2013) .
The observed gradual loss of the Leucobryo-Pinetum community indicators, and the increased proportion of common, competitive and already widespread species, may cause the biotic homogenization (sensu Olden and Rooney 2006; Vellend et al. 2007) , not only in the post-agricultural and natural fresh pine forests as reported by Matuszkiewicz (2007) , but also in fresh (pine) coniferous (Leucobryo-Pinetum community) and mixed coniferous-deciduous forests (Querco robori-Pinetum community). The convergence of post-agricultural and natural forests was already reported from Poland by Olaczek in the 1970s (Olaczek 1972 ). It was also described in the Belgian forest ecosystems by Beaten et al. (2010) . However, other factors (not studied in this paper), such as species dispersal mechanisms, habitat requirements or forest soil development (Honney et al. 2002; Brunet 2007; Hermy and Verheyen 2007) , might be also important in the recovery of fresh pine forest on former agricultural lands.
Special attention should be paid to mosses. Bryophytes are important understorey components of the studied post-agricultural Scots pine forests at all stages of the community development (Tables 2 and 3) . High cover and frequency of ground mosses and their dominance in the forest understorey was also reported by Stefańska-Krzaczek (2011a , 2011b in timber forests with the second generation of P. sylvestris stands planted in clearing areas. The presence of bryophytes is a characteristic feature of natural forests with pine-dominated stands, accounting for 70-100 % of the ground cover (Matuszkiewicz 2001; Mills and MacDonald 2004) .
Growing biomass amounts
Bryophytes are the major contributor to the productivity of coniferous forests, which in this study was expressed in their high biomass (Fig. 3a, Table 4 ). Also the research of Parzych and Sobisz (2010) conducted in the costal Scots pine forest (Empetro nigri-Pinetum community) showed the significant role of mosses in forest productivity -they constituted 29% of the total (3393 kg ha -1 ) understorey biomass. However, we found that the moss biomass decreased, while the understorey vascular plant biomass increased with the age of Scots pine stands (Fig. 3a) . It is noteworthy that despite the growing understorey species diversity of successive stand-age-series, only a few dominant moss species -P. schreberi, D. polysetum and S. oedipodium, as well as a few understorey vascular plant species -V. myrtillus, V. vitis-idaea and C. vulgaris played an important role in the biomass accumulation. The decreasing cover of mosses in relation to understorey vascular plants in the studied coniferous forests may be also explained by the negative impact of broadleaved species (Glime 2007; Stratsev et al. 2008; Maciejewski and Zubel 2009) . The increase in the proportion of B. pendula, Q. robur and/or Frangula alnus Mill. in the forest subcanopy results in the increased leaf litter amount, and according to Beatty and Scholes (1988) and Glime (2007) , dense deciduous litter, which periodically or permanently covers the ground, can be an important factor limiting the growth of mosses. Studies of Stratsev et al. (2008) have shown that the growth of bryophytes is even more strongly suppressed by the leaf litter than the abundant pine litterfall. Furthermore, changes in soil properties caused by deciduous trees (Paré and Bergeron 1996; Saetre et al. 1997 ) and the increasing advantage of understorey vascular plants, which easily outcompete slower growing bryophytes (Frego and Carleton 1995; Tuterski 2003) may also reduce the cover and the growth of mosses.
Carbon and total Nitrogen stock and increase in the understorey C/N ratio
Mosses reach high biomass in post-agricultural Scots pine forests, so bryophytes play an important role in organic carbon and nitrogen sequestration in the understorey (Table 5) . Moreover, C and N fixed by bryophytes from atmospheric pools are transformed into recalcitrant organic matter (Tuterski 2003) , which favours their long-term accumulation. We observed that the total N sequestered in the moss biomass in 41-60-and 61-80-year-old forests was even higher than the total N stock in the biomass of understorey vascular plants. According to Tutersky (2003) , bryophytes reduce the N availability for vascular plants and in this way they control the understorey vascular plants development. Due to the multiple increase in the understorey vascular plant cover and the biomass following the increasing age of stands, vascular plants were the major contributor in the organic C accumulation, as observed in the oldest series of forest (Table 5) . Consequently, the growing proportion of vascular plants in the understorey biomass resulted in the increased understorey C/N ratio. It indicates a decrease in the decomposition rate and an increase in the organic matter accumulation in forest soils. The C/N ratio is primarily the result of the presence of lignin (63-66% of C) and hemicellulose (42-46% of C) in the understorey vascular plant species (Raven et al. 2004; Bert and Danjon 2006; Zheng 2009 ). A similar relationship in the C/N ratio in the undergrowth of 45-, 75-and 120-year-old Scots pine forests was described by Moszyńska (1991) . Moreover, the calculated values of the C/N ratio in the studied pine forests are typical for undergrowth vegetation (Gifford 2000; Gifford et al. 2000; McGroddy et al. 2004; Silva et al. 2008) .
The results clearly indicate that despite the changing species composition, the ground vegetation of planted woodlands play an important role in the biomass production and in the carbon sequestration.
Conclusions
The structure and the species composition of post-agricultural Scots pine forests within pre-mature (41-60-and 61-80-year-old) or mature (over 80-year-old) stands vary considerably. The forest overstorey is affected by forest management. However, spontaneous changes such as broadleaved species encroachment into tree and shrub layers occurs as well. These changes have a strong and long-lasting effect on the ground vegetation. The (planted) Scots pine favours the growth of bryophytes and light-demanding ericaceous plants, whereas oak and silver birch (colonising the plantation in the process of secondary vegetation succession) support the establishment of shadetolerant vascular plant species, including species characteristic of mixed coniferous-deciduous forests. This successive colonisation of post-agricultural Scots pine plantations by mosses and vascular plants is a continuous process, which is reflected in the increasing species richness and diversity following the increasing age of stands. However, the gradual increase in the proportion of broadleaved trees and in the understorey vascular plant cover causes a decrease in the moss cover and the moss biomass in the post-agricultural Scots pine forest communities.
The organic C and total N content in dry mass of individual moss and understorey vascular plant species varies considerably; the N stock in the analysed vascular plant tissue is lower than N stock accumulated in the moss tissue, while the C stock is higher. Consequently, due to the differences in the understorey composition of the Scots pine forests in different age series, the total amount of understorey C stock also varies considerably. In general: the older Scots pine stands, the higher the amount of C accumulated in the ground vegetation.
The obtained empirical data on the relationships between the overstorey and understorey structure and composition, the correlation between the understorey composition and biomass, and the species carbon and nitrogen content, are essential for understanding the impact of forest planting on the former agricultural land in enhancing the biodiversity and carbon sequestration in the course of time. The assessment of the C content in the biomass of individual understorey components will allow us to predict more precisely the amount of C stock in the fresh pine forests of the European temperate region.
